Abstract: This paper discusses the use of PCB integrated inductors for low power DC/DC buck converters. Coreless, magnetic plates and closed core structures are compared in terms of achievable inductance, power handling and efficiency in a footprint of 10 x 10 mm 2 . Analytic and FEM methods are applied and typical current waveforms encountered in a buck converter are included.
I. INTRODUCTION
Typically, converters in the 1-2W range are built around DC/DC converter-chips, and these generally require a small number of additional energy storage components including an inductor [1] . Ideally, all components would be integrated on silicon, to provide a completely integrated solution. However, while much research has been carried out on the development of integrated magnetics on silicon [2] , [3] , the technology is generally limited by the high resistance of thin film conducting tracks. Some work has been carried out on the development of high aspect ratio coils for providing increased conductor cross section to overcome this problem, but the technology is still being developed [4] .
The integration of inductor devices into PCB is proposed in this work as an alternative cost effective solution, where in addition to providing interconnection between the converter chip and additional components the PCB also includes fabrication of the inductor structure. Using the technology described previously by the authors [6] , all processes required for fabrication of the inductor are PCB compatible.
PCB integrated coreless transformer structures have already been applied in power converters [5] , but these require the use of resonant circuit topologies to compensate for the low inductance values achieved. The integration of electroplated permalloy layers to enhance the inductance of PCB windings has been described by the authors for transformer applications [6] . The application of the same technology to inductor devices is described in this work. Various methods for integrating inductor winding and core structures are described, to illustrate the trade-off between current levels and inductance values possible. Analysis of power handling and efficiency levels are also performed using analytic formulas and Finite Element Analysis (FEA) models. Measurements of inductance versus DC bias current are presented for initial demonstrator devices. For a closed core structure, the design of a 4.7 µΗ / 500 mA inductor is described for application in a ~1.5 W buck converter operating at 1 MHz. This inductor has been fabricated and successfully employed with a commercially available DC/DC converter IC.
II. PCB INTEGRATED INDUCTOR STRUCTURES
The performance of different PCB integrated inductor structures operating in a typical DC/DC converter circuit is compared in this section. The structures investigated include spiral winding turns, windings with magnetic plates and windings with a closed core as shown in Fig. 1 and described previously [6] . The magnetic plates and magnetic throughholes consist of electroplated Ni 80 Fe 20 (permalloy). A six-layer PCB is chosen for illustration, and in all cases the footprint of the inductor is set to 10×10 mm 2 . Track width is 200 µm and track height is 70 µm, thereby allowing a maximum current of ~1 A for a temperature rise of 45 K [7] . In this way, all structures have the same current capacity in terms of thermal limits at least.
In a DC/DC buck converter, parameters of interest for the inductor include inductance value, current / power handling capability and power losses. Each of these quantities is investigated in turn for the maximum inductance value that can be fitted in a 10 × 10 mm 2 footprint for the different inductor structures described. Inductance values are predicted using analytic formulas [8] and Finite Element Analysis simulation [9] is used to predict eddy-current effects at high frequency. 
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As shown, power handling is limited by the inductance value, L, and maximum current level, I o that can be supported. For structures with magnetic material included, the limit on I o imposed by magnetic saturation is illustrated.
Inductor power loss includes components of winding and core loss, both of which depend on inductor current and voltage waveforms. In a buck converter (operating under continuous conduction mode), the current includes an AC ripple component on top of a constant DC current. Resulting power losses may be calculated using the harmonic component representation of the waveform. In comparing the different inductor structures in this section, results of losses were predicted for a current ripple equal to 30% of the maximum current handled by the different inductors. For this level, it was found that the contribution to the overall loss of harmonics greater than the 1 st was less than 5 % and so total losses are calculated as :
It is important to note that the value of R 1. harmonic includes eddy-current losses in the magnetic core material. For that purpose, electroplated permalloy is assumed to have a relative permeability, µ r = 2000, and conductivity, σ = 5×10 6 (Ωm) -1 . Core losses due to hysteresis are neglected in this work.
Since the levels of power handled by the different structures is different, corresponding levels of power and power lost for the different structures are best compared in terms of the inductor related efficiency of the converter :
The performance of the different inductor structures is compared in terms of each of the quantities described in the following sections.
A. Coreless inductor
Obviously, the simplest inductor structure to integrate in PCB is an coreless winding, and results are presented in this case as a benchmark for the integrated core structures. The cross section of a coreless inductor is shown Fig. 2 . For 400 µm track pitch, 12 turns may be fitted in a diameter of 10 mm. Using analytic formulas, an inductance value of 15.2 µH and a DC resistance value of 1.447 Ω was calculated for the resulting structure. Values of inductance and resistance at the 1 st harmonic (1 MHz) were calculated as 13.4 µH and 5.34 Ω respectively by FEM simulation. Maximum power handling for the coreless inductor is calculated as 8W using (1), where the maximum current of 1A in this case is limited only by temperature rise. Losses of 1.6 W were calculated using (3), of which, 90% is contributed by DC winding losses and 10% from AC winding losses at 1 MHz. Using the values of power throughput and losses, efficiency of the air inductor is calculated as 83.3 % for the given waveform and duty cycle at 1 MHz.
B. Inductor with planar windings and magnetic plates
It is well known that the inclusion of magnetic plates above and below planar winding structures provides enhancement of inductance values, and further that enhancement increases with increasing plate thickness, up to a certain level [8] . In order to investigate the relative benefits of using core layers, the outer winding layers in the coreless design described above were replaced with circular permalloy plates, and the inner winding layers remained unchanged. In this way, a maximum inductor design with magnetic plates is investigated. The cross section shown in Fig. 3 illustrates a typical structure. It has been shown that in order to control eddy-current losses under AC conditions, the thickness of conducting magnetic plates should be smaller than one skin depth of the magnetic material [4] . Depending on the frequency of operation, however, the resulting thickness and inductance enhancement provided may be limited. For application in a buck converter, however, a significant proportion of the loss is caused by DC currents. Therefore, it may be expected that the level of AC loss in magnetic layers with thickness larger than the skin depth may be tolerated. In order to investigate this trade-off between inductance enhancement and AC losses, results of inductance and power handling given by (1) are plotted against thickness of magnetic plates in Fig. 4 . Ripple current levels of 30% are assumed at 1 MHz as before. Results for plates with zero conductivity and unpatterned plates were calculated using analytic formulas, while the results for patterned plates were produced using FEA simulation. Maximum current levels were deduced from maximum levels of magnetic flux density in FEA simulation. Obviously, magnetic material with zero conductivity provides the largest values of inductance and power handling. Results were included in this case to illustrate the magnitude of eddycurrent effects. It is interesting to see that for more typical material properties the largest inductance achieved is approximately the same as for a coreless structure having the same PCB build. Furthermore, the maximum inductance is achieved for one skin depth of the magnetic material. However, results of losses in the structure for different plate thickness in Fig. 5 , reveal an improvement against the coreless structure. This may be explained by the reduced DC resistance of the inductor, where it is 37 % smaller than for the coreless device. The resulting efficiency of the inductor is higher than the coreless inductor for plate thickness close to the skin depth of the magnetic material. For other values of plate thickness the efficiency falls below that of the coreless device to around 81 %. The increase in power handling with plate thickness is explained by the larger current levels that can be handled as the core area increases. To improve the magnetic path of the structure, a closed core structure was chosen as a next design study. A typical cross section is shown in Fig. 6 . By varying the inner core radius and fitting the maximum number of winding turns, a maximum inductance design was found to have 8 turns per layer. The design was based on the closed core structure described previously by the authors [6] . Again, in order to investigate the trade-off between inductance enhancement and AC core losses for application in a buck converter the thickness of the plates was varied and resulting values of inductance and power handling capability predicted are presented in Fig. 7 . Since the maximum current handling of the structure is determined by the magnetic path length rather than the presence of a gap, the current handling does not change with increasing magnetic layer thickness and so the graph of P o has the same as the graph of inductance. A significant improvement in inductance values can be observed. The maximum inductance is shifted now to 10 um or twice the skin depths of the material. This is explained by decay of electromagnetic fields from both boundaries of the magnetic core layers and is facilitated by the closed core structure. Again power handling is seen to increase with increasing core area. However, due to the reduced reluctance of the core, smaller currents and therefore smaller power levels may be handled than with magnetic plates. Corresponding results of power loss and efficiency are presented in Fig. 8 . In addition to improving inductance values, the improvement in power performance provided by the closed core is seen in terms of efficiency values, where values of over 90% are predicted. Maximum efficiency is achieved for a thickness approximately equal to the skin depth. As expected eddy-current losses increase with increasing plate thickness. It is worth mentioning that different magnetic materials with lower conductivity will shift the optimum core thickness towards thicker cores. The authors will investigate different materials in the future.
C. Closed core structure
Obviously, operating the above-mentioned structure with a DC current will cause saturation inside the core. Therefore a gap was inserted into the top plate of the closed core structure. Due to the complexity of the structure, the inductor was modelled by employing a FEM model. Again the maximum inductance is achieved for a plate thickness of 10 um. Obviously the achieved inductance is smaller in comparison to the closed core but it is up to 2.5 times higher than for the coreless structure with the same footprint area. The benefit of the gap is seen in the increase in power handling of the inductor, where levels of up to 150 mW may be supported for a 0.2 mm gap length. Larger levels may be supported with larger gaps. Due to the presence of the air gap, magnetic flux levels are reduced and losses are therefore smaller than for the closed core structure. The gapped core structure can be seen as a structure that benefits from the high inductance improvement due to a closed core and the low eddy-current core losses of a coreless inductor. Therefore the efficiency of the final structure is comparable to that of a completely closed core structure up to 91 %. At the highest achievable inductance at around 10 um, the efficiency is around the same as for a coreless structure.
This comparison shows that the use of magnetic material improves the performance of an embedded inductor in comparison to a coreless inductor in both achievable inductance values and losses. The structures were optimised for maximum inductance values in this case so that the power performance may be improved further.
III. INDUCTOR DESIGN
The design of a PCB integrated inductor for application in a buck converter is described in this section. From the analyses in section II, it is clear that a closed core structure provides an inductor with maximum power density and minimum power loss. A procedure for calculating the minimum footprint required to accommodate such a structure for given power specifications is described.
In a buck converter, the basic function of the inductor is to limit the ripple current level as given by:
where V in and V out are the input and output voltage levels, f is the switching frequency and L is the inductance value required for a given value of ∆I. In terms of the inductor structure, a limit in ∆I corresponds to a limit in magnetic flux swing in the inductor core. This may be given by Faraday's Law as:
Since magnetic flux density is one of the main quantities to be controlled in an inductor structure, (5) provides a starting point in the design procedure.
Assuming operation in the linear region of the core material, the maximum value of magnetic flux swing may be related to the maximum ripple and output current levels as :
where B max can have a value up to the saturation flux density level, B sat . Substituting for the value of ∆B in (5) and rewriting in terms of the inductor structure, it is found that for maximum ripple current and flux density levels :
in out
In continuous conduction mode, B max includes a component of magnetic flux swing produced by the applied voltage levels as given in (5), and a constant component that is directly proportional to the output DC current level. Design may therefore proceed by choosing values for N A c so that values of ∆I and B max are limited for a given set of converter conditions. Depending on the value of constant output current level, a gap may then need to be inserted in order to ensure that the constant component of flux density does not cause the core material to saturate.
As described for the design of integrated transformer structures, the values of N and A c may be optimised to provide an inductor with minimum footprint [6] . Given that the minimum footprint area is provided at the inner core radius, R ci :
where t m is the thickness of electroplated NiFe layers, (7) may be used to express N in terms of R ci in the equation for the outer diameter of the inductor structure :
where w : s is the track pitch and N l is the number of winding layers. Differentiating (9) with respect to R ci , values of R ci and N may be found that provide an inductor structure with minimum outer diameter, OD.
The procedure is illustrated for the design of the inductor in the buck converter circuit shown in Fig. 11 . The circuit produces a constant 3.3 V output for a nominal input voltage of 7.2 V. Output currents are in the range of 200 -500 mA. For application of equation (7), values of ∆I and I max must be deduced for the converter operation. The maximum value of ∆I may be calculated for the given inductance value as 0.4 A. Combined with the maximum output current of 0.5 A, I max is then found as 0.7 A. For the technology described, B max is chosen as the saturation flux density of permalloy; i.e. 1 T, so that the minimum value of NA c is given by (7) as 2.33×10 -6 (turn-m 2 ). Substituting for N in terms of R ci in (10) and minimising the outer diameter with respect to R ci , the resulting optimum structure for 4 winding layers and 10 µm NiFe thickness is described in Table 1   Table 1 Applying the reluctance model to predict the maximum value of B max established for 0.7 A in the resulting closed core structure, 2.7 T. Therefore a minimum gap of 0.2 mm was included in the magnetic plates to prevent core saturation. The location of the gap in the plates was chosen close to the outer radius so that the ratio of gap : core area and resulting fringing fields are minimal.
IV. MEASUREMENTS
The in section III described inductor design was manufactured and measured prior and then employed in a offthe-shelf monolithic integrated 1.5 W DC/DC converter. 12 shows the measured inductance values of the fabricated inductor at different DC bias currents. For no DC bias the inductance value compares well with the designed value. As the DC current increases the inductance falls off since the AC flux swing inside the core gets shifted towards higher B levels. At full load current the inductance decreased by ca. 19 % of it's AC value. However the temperature rise of the inductor for the specified load range is small and can be neglected.
As shown in Fig. 11 , the converter needs a few additional components. All components were chosen with special attention to their footprints and the resulting PCB layout measures 10 x 10 mm 2 . As the inductor measures the same footprint, the converter circuit could be laminated on top of the integrated inductor as shown in Fig.13 . The efficiency of the converter was measured for two different input voltages. The converter has nearly constant efficiency over a wide range of load and measures ca. 70 % for a 7.22 V to 3.3 V and 80 % for a 5 V to 3.3 V. The output voltage ripple measures 50 mV at full load which corresponds to 1.5 % output ripple. Therefore the presented integrated solution compares well in performance and size with the discrete solution using an equivalent compact 1210 SMD inductor.
V. CONCLUSIONS
Coreless, plate, closed and gapped core structures integrated in PCB were compared for the use as low power DC/DC buck converter inductors. The inductor were compared in terms of maximum achievable inductance, power handling, power losses and efficiency all in a given footprint. The authors accounted for the DC biased current waveform typical for a buck converter. The benefits of employing magnetic layers were shown as they increase the achievable inductance by up to 120 % and decrease the DC resistance by 44 % in comparison with a coreless inductor of the same footprint. The significance of eddy currents in the core material due to core conductivity and high frequency was outlined and the effect of different core thickness demonstrated. A 4.7 µH inductor design, using a gapped closed-core-PCBembedded structure, for a commercially available DC/DC converter is demonstrated and care is taken to avoid the core from saturating in the core centre. The positioning of the gap and the effect of the gap length is demonstrated and the authors suggest placing the gap on the outside of the core structure. The resulting structure can carry a DC current of over 500 mA without causing the core to saturate. The inductor was successful employed in a DC/DC converter, achieving of up to 83 % overall efficiency. The demonstrator shows the alternative use of embedded magnetics to discrete components in low power conversion circuits. However as the authors currently work on more sophisticated design procedures and the alternative use of different magnetic materials, more compact components with better performance can be expected. This will lead to DC/DC converter with smaller footprints and lower profiles as their discrete counterparts, freeing up valuable board space, improve reliability and reduces costs as the magnetic components can be built with standard PCB manufacturing processes directly into the carrier PCB.
